Influenza A virus assembly is a complex process that requires the intersection of pathways involved in transporting viral glycoproteins, the matrix protein, and viral genomes, incorporated in the viral ribonucleoprotein (vRNP) complex, to plasma membrane sites of virion formation. Among these virion components, the mechanism of vRNP delivery is the most incompletely understood. Here, we reveal a functional relationship between the cellular Rab11 GTPase isoform, RAB11A, and vRNPs and show that RAB11A is indispensable for proper vRNP transport to the plasma membrane. Using an immunofluorescence-based assay with a monoclonal antibody that recognizes nucleoprotein in the form of vRNP, we demonstrate association between RAB11A and vRNPs at all stages of vRNP cytoplasmic transport. Abrogation of RAB11A expression through small interfering RNA (siRNA) treatment or disruption of RAB11A function by overexpression of dominant negative or constitutively active proteins caused aberrant vRNP intracellular accumulation, retention in the perinuclear region, and lack of accumulation at the plasma membrane. Complex formation between RAB11A and vRNPs was further established biochemically. Our results uncover a critical host factor with an essential contribution to influenza virus genome delivery and reveal a potential role for RAB11A in the transport of ribonucleoprotein cargo.
Influenza A virus assembly is a complex process that requires the intersection of pathways involved in transporting viral glycoproteins, the matrix protein, and viral genomes, incorporated in the viral ribonucleoprotein (vRNP) complex, to plasma membrane sites of virion formation. Among these virion components, the mechanism of vRNP delivery is the most incompletely understood. Here, we reveal a functional relationship between the cellular Rab11 GTPase isoform, RAB11A, and vRNPs and show that RAB11A is indispensable for proper vRNP transport to the plasma membrane. Using an immunofluorescence-based assay with a monoclonal antibody that recognizes nucleoprotein in the form of vRNP, we demonstrate association between RAB11A and vRNPs at all stages of vRNP cytoplasmic transport. Abrogation of RAB11A expression through small interfering RNA (siRNA) treatment or disruption of RAB11A function by overexpression of dominant negative or constitutively active proteins caused aberrant vRNP intracellular accumulation, retention in the perinuclear region, and lack of accumulation at the plasma membrane. Complex formation between RAB11A and vRNPs was further established biochemically. Our results uncover a critical host factor with an essential contribution to influenza virus genome delivery and reveal a potential role for RAB11A in the transport of ribonucleoprotein cargo.
Influenza A virus is one of the most important human pathogens, causing annual epidemics with significant worldwide mortality and sporadic pandemics in which increased human infections and mortality typically occur. In addition, highly pathogenic avian influenza (HPAI) viruses continue to cause human infections that result in exceptionally high mortality rates (ϳ60%) (51) , and the threat of an HPAI pandemic remains an alarming possibility. For these reasons, a comprehensive understanding of the processes involved in influenza virus replication and interaction of the virus with its host is imperative as any essential process or interaction could represent a potential target for a novel intervention strategy. In this regard, we set out to clarify the mechanism of influenza virus assembly in more detail.
Infectious influenza virus production requires that each viral structural component is delivered to plasma membrane sites of virion formation (i.e., lipid raft microdomains), a process thought to commence with the clustering of the viral hemagglutinin (HA) and neuraminidase (NA) proteins (24) . As integral membrane proteins, HA and NA are transported through the Golgi complex in infected cells and are directed to lipid rafts by sorting determinants within their transmembrane domains and cytoplasmic tails (5, 42, 53) . The viral matrix protein (M1), the major interior virion structural component, exhibits intrinsic membrane association properties (23, 46, 52) and is recruited to lipid rafts through interactions with the HA and NA cytoplasmic tails (1, 14) . M1 also interacts with viral ribonucleoproteins (vRNPs), the functional influenza virus genomic subunits (8, 36) , and with the viral M2 ion channel (12) . M2 may have a role in vRNP recruitment as virions produced by viruses encoding M2 that lacks its cytoplasmic tail are defective in nucleoprotein (NP) and genomic RNA incorporation (29) . M2 was recently shown to require the cellular Rab11 GTPase for transport to the plasma membrane (40) ; however, the mechanistic basis for vRNP delivery to virion budding sites has not been clearly elucidated.
Influenza vRNPs consist of a negative-sense genomic viral RNA (vRNA) wrapped around multiple subunits of viral NP and are associated with the viral polymerase complex (PB2, PB1, and PA). Individual vRNPs assemble in the nucleus and undergo nuclear export after M1-mediated release from the nuclear matrix (9, 28, 41) . vRNP-M1 complexes are thought to associate with the viral nuclear export protein (NS2/NEP), which bridges an interaction with the cellular CRM1 nuclear export machinery, and vRNPs are transported to the cytoplasm through nuclear pore complexes in an NEP-dependent manner (33, 37) . Following nuclear export, vRNPs initially accumulate near the microtubule-organizing center (MTOC) and subsequently may associate with microtubules during transit to the plasma membrane (31) . A previous study indicates that vRNPs associate with actin microfilaments (4); however, disruption of actin polymerization in infected cells does not impair influenza virus replication (3, 19) , suggesting that actin is not essential for vRNP transport. Besides the potential association between vRNPs and cytoskeletal elements, the mechanism of vRNP movement from the MTOC through the cytoplasm and to the budding site is completely unknown.
A recent report indicated an important role for the cellular Rab11 GTPase in the budding of influenza virus virions from the plasma membrane (7) . In this study, influenza virus NP colocalized with endogenous Rab11 or an overexpressed, constitutively active Rab11 mutant in influenza virus-infected 293T cells. Rab11 GTPase localizes to the pericentriolar recycling endosome compartment, which is closely associated with the MTOC, and has a well-established role in mediating vesicular trafficking toward the plasma membrane. We therefore hypothesized that Rab11 may be involved in transporting vRNPs to budding sites. Here, we developed a system to monitor vRNP trafficking in infected cells to test this hypothesis. Our results reveal that Rab11 is an essential host factor involved in the transport of influenza vRNPs from the MTOC to the plasma membrane.
MATERIALS AND METHODS
Cells, viruses, and infections. A549, 293T, and Madin-Darby canine kidney (MDCK) cells were propagated in a 1:1 mix of Dulbecco's modified Eagle's medium (DMEM) and Ham's F12 medium containing 10% fetal bovine serum (FBS), in DMEM with 10% FBS, or in minimum essential medium (MEM) containing 5% newborn calf serum (NCS), respectively. All cell cultures were supplemented with penicillin-streptomycin (Invitrogen, Carlsbad, CA) and maintained at 37°C in an atmosphere of 5% CO 2 . Influenza A/WSN/1933 (H1N1) (referred to as WSN) virus was rescued in 293T cells using plasmid-based reverse genetics, as previously described (34) . For immunofluorescence and immunoprecipitation studies, A549 cells were infected with WSN virus at a multiplicity of infection (MOI) of 3 PFU per cell and harvested at the times indicated on the figures. To determine the effects of specific small interfering RNAs (siRNAs) on multicycle influenza virus replication, siRNA-treated A549 cells grown in 24-well dishes were infected with 100 PFU of WSN virus. Supernatants were harvested 48 h after infection, and the amount of virus in the supernatants was quantified by plaque assay in MDCK cells.
FISH, immunofluorescence, and microscopy. Probes for fluorescence in situ hybridization (FISH) were generated using a digoxigenin (DIG) RNA labeling kit (Roche, Indianapolis, IN). Briefly, approximately 300 bp of the WSN virus positive-sense PB2 genome segment was PCR amplified from pPol1-PB2 (34) , and products were purified using a QIAquick PCR purification kit (Qiagen, Valencia, CA). One microgram of the purified PCR product was added to an RNA labeling mixture consisting of 5 l of transcription buffer (10ϫ; Roche), 5 l of RNA labeling mix (10ϫ;10 mM ATP, CTP, and GTP; 6.5 mM UTP; and 3.5 mM DIG-11-UTP [Roche]), and 5 l of T7 enzyme mix (Promega, Madison, WI) in a final volume of 50 l and incubated for 2 h at 37°C. Labeled RNA probes were subsequently treated with 5 units of RQ1 RNase-Free DNase I (Promega) for 15 min at 37°C. The primer sequences used for the amplification of the positive-sense PB2 probe are as follows: T7_WSNseg1_1021F, GGATCCTAATACGACTCACTATAGGGAGAACA AGCGGATCATCAGTCAA; WSNseg1_1320R, CATGGGATTCAATCGC TGATTCGCC.
For coimmunofluorescence and FISH analysis, influenza virus-infected MDCK cells grown on 35-mm glass-bottomed dishes (diameter of glass coverslip, 12 mm; Iwaki, Chiba, Japan) were fixed with 4% paraformaldehyde in 0.1 M phosphate-buffer (pH 7.4) for 15 min and permeabilized with 0.5% Triton X-100 for 5 min at room temperature. Indirect immunofluorescence staining of NP was performed before probe hybridization by incubating cells with the mouse monoclonal anti-WSN virus NP antibody 3/1 (1:1,000 dilution; a kind gift from Robert Webster, St. Jude Children's Research Hospital, Memphis, TN) in 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) for 40 min at 37°C, followed by goat anti-mouse conjugated with Alexa-Fluor (AF) 594 (1:250; Invitrogen) for 40 min at 37°C. To prevent RNA degradation, 1 U/l of RNasin Plus (Promega) was added to the antibody solutions. Subsequently, cells were sequentially washed with 2ϫ SSC (1ϫ SSC is 150 mM NaCl and 15 mM sodium citrate) and 0.1ϫ SSC, incubated in 95% formamide in 0.1ϫ SSC for 15 min at 65°C, and immediately chilled on ice. Cells were then blocked with prehybridization buffer (50% formamide, 2ϫ SSC, 5ϫ Denhardt's solution, 20 g/ml of salmon sperm DNA [sonicated to 300-to 700-bp pieces; BioDynamics Laboratory, Tokyo, Japan]) for 1 h at room temperature and then incubated with 200 ng/ml of the DIG-labeled PB2 segment RNA probe diluted in prehybridization buffer for 40 h at 50°C. After hybridization, cells were washed extensively in wash solution 1 consisting of 50% formamide and 2ϫ SSC and wash solution 2 consisting of 0.1ϫ SSC (three washes with each buffer for 20 min/wash at 60°C). Finally, cells were incubated in in situ hybridization blocking solution (Vector Laboratories, Burlingame, CA) for 30 min at room temperature, and probes were detected by indirect immunofluorescence using polyclonal sheep anti-DIG (2 g/ml; catalog number 1333089; Roche) and AF 488 donkey anti-sheep (1:250; Invitrogen) antibodies. Nuclei were stained by incubation with 1 g/ml Hoechst 33342 (Invitrogen).
For immunofluorescence studies without FISH, A549 cells grown on coverslips were fixed with 4% electron microscopy-grade paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in phosphate-buffered saline for 15 min. Cells were permeabilized with 0.1% Triton X-100 for 5 min, and nonspecific protein binding was blocked by incubation with PBS containing 10% normal goat serum and 1% fraction V bovine serum albumin (blocking solution). Primary and secondary antibody dilutions were prepared in blocking solution and were incubated with coverslips for 16 h at 4°C and for 45 min at room temperature, respectively. Nuclei were stained by incubation with 0.4 g/ml Hoechst 33258 (Invitrogen) for 30 min at room temperature, where indicated in figure legends. Extensive washing with PBS was performed between all staining steps. The primary antibodies used were monoclonal antibody (MAb) 3/1 (1:1,000) and polyclonal rabbit anti-RAB11A (1:100; catalog number 71-5300; Invitrogen). Secondary antibodies included AF 546 goat anti-mouse and AF 488 goat antirabbit (1:1,000; Invitrogen). Stained coverslips were mounted to glass slides using Immu-Mount (Shandon, Pittsburgh, PA).
All fluorescence images were captured with a Zeiss LSM 510 Meta point-scan laser confocal microscope system using argon/2, HeNe543, and diode lasers and either a 63ϫ LCI Plan NeoFluar objective for coimmunofluorescence and FISH analysis or a 40ϫ Enhanced Contrast Plan NeoFluar objective for indirect immunofluorescence alone. Both objectives have numerical apertures of 1.3. Individual fluorescence channels were acquired independently at a frame size of 1,024 by 1,024 pixels, with additional zooming where indicated. Raw images were exported as TIFF files and cropped as necessary by using Adobe Photoshop CS4 but were otherwise unaltered.
siRNAs, plasmids, and transfections. The following siRNAs were used: a highly validated nontargeting siRNA known to be loaded into the RNA-induced silencing complex (AllStars Neg, catalog number 1027281; Qiagen), a previously described siRNA targeting influenza virus NP mRNA (NP-1496; synthesized by Qiagen) (17) , and an siRNA targeting RAB11A (catalog number SI04437881; Qiagen). For siRNA transfections, A549 cells were seeded into 24-well plates (5 ϫ 10 4 cells/well), and 2 h later, each well was transfected with 20 nM siRNA (final concentration) and 4.5 l of HiPerfect transfection reagent (Qiagen), according to the manufacturer's recommendations. Cells were incubated with transfection complexes for 48 h to allow protein knockdown before additional manipulations were performed.
To generate RAB11A dominant negative and constitutively active mutants, full-length human RAB11A cDNA was obtained from OriGene (Rockville, MD). Mutations were directly introduced using oligonucleotide primers encoding a mutation of serine 25 to asparagine (i.e., S25N) or glutamine 70 to leucine (i.e., Q70L) using site-directed mutagenesis (Stratagene, La Jolla, CA). Resultant full-length RAB11A mutants were amplified by PCR using 5Ј BglII and 3Ј EcoRI overhangs and inserted C-terminally in frame with enhanced green fluorescent protein (EGFP) in the pEGFP-C1 vector (Clontech, Mountain View, CA), resulting in pEGFP-RAB11A-Q70L and pEGFP-RAB11A-S25N. The presence of the appropriate mutations was confirmed by sequencing. Primer sequences are available upon request. A549 cells were transfected by electroporation with a Neon Transfection System (Invitrogen) 24 h before superinfection with WSN virus. One microgram of each plasmid was used per 2 ϫ 10 5 cells, and electroporations were performed using two pulses (1200 V, 30 ms). Electroporated cells were immediately transferred to prewarmed medium that lacked antibiotics.
Immunoprecipitation. For immunoprecipitation studies, A549 cells were seeded in 60-mm dishes and 16 h later were mock infected or infected with WSN virus. At the times indicated on the figure, cells were harvested by scraping them into ice-cold PBS, pelleted by centrifugation at 1,800 ϫ g, and stored at Ϫ80°C until further processing. All pellets were thawed together, dispersed in TNE lysis buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Igepal CA-630) containing a protease inhibitor cocktail (Complete Mini; Roche), and lysed for 30 min on ice. Insoluble material was removed by centrifugation at 14,000 ϫ g for 1 h at 4°C. Cleared lysates were divided into two aliquots and incubated with antibody-conjugated Dynabeads (Invitrogen), prepared according to the manufacturer's instructions, for 30 min at room temperature. One aliquot was incubated with an RAB11A-specific antibody (2 g; Invitrogen), and the other aliquot was incubated with an equivalent amount of normal rabbit IgG (Santa Cruz Biotechnology, Santa Cruz, CA). Resultant immunocomplexes were washed three times in PBS and released from the Dynabeads by incubation in SDS-PAGE sample buffer (160 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, and 0.04% bromophenol blue) for 5 min at 95°C.
Immunoblotting. SDS-PAGE was performed using a Criterion system and 4% to 20% gradient gels (Bio-Rad, Hercules, CA), according to the manufacturer's recommendations. Proteins were transferred to nitrocellulose membranes using an iBlot Dry Blotting System (Invitrogen). Following transfer, membranes were immediately placed in 5% milk in PBS-Tween (PBS-T; PBS and 0.5% Tween 20) and blocked for 1 h at room temperature. Primary and secondary antibodies were diluted in 3% milk in PBS-T, and incubations were performed at 4°C for 16 h and at room temperature for 1 h, respectively. Membranes were washed extensively with PBS-T between each incubation step. To detect influenza virus NP, we used mouse MAb clone 5/1 (1:2,000; a kind gift from Robert Webster). RAB11A in siRNA-treated cells was detected with rabbit anti-RAB11A (1:500; Invitrogen), and protein loading was assessed with rabbit anti-calnexin (CNX) (1:5,000; catalog number 11397; Santa Cruz Biotechnology). To minimize background recognition of IgG in immunoblots of immunoprecipitation reactions, we used an alternate RAB11A monoclonal antibody (1:500; catalog number ab78337; Abcam, Cambridge, MA). GFP-tagged RAB11A fusions were detected with mouse anti-GFP antibody (1:20,000; catalog number 632375; Clontech). Horseradish peroxidase-conjugated secondary antibodies included goat anti-rabbit (1:2,000; catalog number G21040; Invitrogen) and goat anti-mouse (1:2,000; catalog number 31430; Thermo Scientific, Rockford, IL). Proteins were detected using LumiLight PLUS Western blotting substrate (Roche), Kodak Biomax XAR film, and a Konica Minolta SRX-101A X-ray film developer.
RESULTS
A system for assessing genome transport in influenza virusinfected cells. Although colocalization between influenza virus NP and endogenous Rab11 was previously observed (7), it is not clear whether the NP recognized in these assays represents authentic vRNP complexes containing genomic RNA. Moreover, no information about the temporal relationship between Rab11 and NP was reported. Since little is known about the mechanism of vRNP transport to the plasma membrane and since Rab11 vesicles could represent a pathway for vRNP delivery to assembling virions, we considered it essential to determine whether vRNPs associate with Rab11 in infected cells. We, therefore, established a system to study the spatiotemporal distribution of influenza virus vRNPs following infection.
vRNPs exhibit a punctate cytoplasmic staining pattern following export from the nucleus that is detectable with a specific monoclonal antibody (MAb) (22, 31) . We screened several in-house antibodies and identified one, raised against influenza WSN virus NP (MAb clone 3/1), that recognized vRNP-like puncta in the cytoplasm of infected cells. To determine whether this antibody could recognize authentic vRNPs, we performed a combined immunofluorescence/FISH analysis of WSN virus-infected MDCK cells with MAb 3/1 and a vRNAspecific probe. We found that the MAb 3/1 signal almost completely overlapped with that of the vRNA, exhibiting exclusive localization to the nucleus at early time points postinfection, accumulation in punctate foci in a juxtanuclear structure after exit from the nucleus, and dispersal throughout the cytoplasm and near the plasma membrane at later time points (Fig. 1) . This distribution pattern is consistent with that previously reported for influenza virus vRNPs (22, 31 RAB11A associates with influenza virus genomes en route to the plasma membrane. We next utilized MAb 3/1 to assess vRNP trafficking and association with Rab11 in a time course infection of human lung epithelial cells (A549). Here, it should be noted that influenza virus replication in A549 cells is slower than what is observed in MDCK cells, leading to some celltype-specific differences in the kinetics of influenza virus vRNP nuclear export (compare Fig. 1 and 2 ). Despite these differences, the overall pattern of vRNP nuclear and cytoplasmic distributions is similar between the two cell types. The cellular pool of Rab11 consists of two closely related but unique isoforms, RAB11A and RAB11B. For the following studies, we focused on RAB11A, which could be abundantly detected in A549 cells.
RAB11A staining in mock-infected cells was dominated by accumulation in a juxtanuclear region, with fine punctate staining in the peripheral cytoplasm ( Fig. 2A) . The juxtanuclear staining pattern is associated with the MTOC (47), the transGolgi network (13, 48) , and the apical recycling compartment (10); here, we will refer to this region as the MTOC. At 5 h postinfection (hpi), when vRNP staining was restricted to the nucleus, RAB11A distribution was similar to that of mockinfected cells (Fig. 2B) . At 7 hpi, vRNPs, which initially accumulate at the MTOC upon nuclear export (31), overlapped with the RAB11A staining at the MTOC and completely colocalized with RAB11A in punctate foci emanating from the MTOC into the peripheral cytoplasmic region (Fig. 2C) . Interestingly, RAB11A accumulation in peripheral structures was more prominent than that observed in uninfected cells, suggesting specific recruitment (compare frames v in Fig. 2A and C). Extensive colocalization between vRNPs and RAB11A persisted at 9 hpi, and vRNPs and RAB11A accumulated together in structures adjacent to the plasma membrane, which were larger than the trafficking intermediates observed at earlier time points (Fig. 2D ; compare frame v with the corresponding frames in A and C). Finally, by 11 hpi, vRNPs prominently localized to the plasma membrane, while RAB11A remained essentially intracellular and no longer colocalized with vRNPs (Fig. 2E) . These observations clearly demonstrate an intimate, spatiotemporal relationship between vRNPs and RAB11A during vRNP delivery to the plasma membrane and strongly imply a role for RAB11A in vRNP cytoplasmic trafficking in late-stage influenza virus-infected cells.
Perturbation of RAB11A expression or function impairs influenza virus RNP transport. To address the hypothesis that RAB11A is involved in vRNP cytoplasmic transport, we used two approaches to perturb RAB11A function in A549 cells: siRNA to downregulate protein expression or overexpression of dominant negative or constitutively active mutants to disrupt endogenous Rab11 function. Initial siRNA experiments indicated that RAB11A-specific siRNA suppressed RAB11A expression in A549 cells without a concomitant reduction in the level of a nontargeted cellular protein, calnexin (CNX) (Fig. 3A) . Further, RAB11A siRNA-treated cells infected with WSN virus exhibited a 23-fold reduction in virus titer relative to nontargeting siRNA-treated control cells after multicycle replication (Fig. 3B) . These results are consistent with previous observations (7). We next used the same transfection conditions to repress RAB11A protein expression and then infected A549 cells with WSN virus and assessed vRNP trafficking at the single-cell level, using an immunofluorescence time course with MAb 3/1. Since RAB11A knockdown was incomplete (Fig. 3A) , we also costained the cells with Rab11-specific antibodies to evaluate RAB11A expression levels after siRNA treatment. Using this approach, we identified differences in vRNP distribution between nontargeting siRNA-treated control cells and cells expressing only low levels of RAB11A by 9 hpi and observed even greater disparity by 11 hpi (Fig. 3C and  D) . Specifically, control cells exhibited vRNP accumulation at the MTOC and punctate vRNP foci throughout the cytoplasm and near the plasma membrane at 9 hpi, while at 11 hpi heavy vRNP accumulation was observed at or near the plasma membrane. In contrast, RAB11A siRNA-treated cells exhibited aberrant accumulation of vRNPs adjacent to the nucleus, with occasional punctate vRNP foci in the peripheral cytoplasm at both time points. Importantly, little or no vRNPs accumulated at the plasma membrane at 11 hpi in RAB11A siRNA-treated cells. Therefore, in cells with significantly reduced RAB11A expression, vRNP transport to the plasma membrane appears to be defective. To further support this conclusion, we also assessed the effects of overexpression of dominant negative or constitutively active RAB11A-GFP fusion proteins on vRNP trafficking. The RAB11A dominant negative mutant possesses an S25N mutation, exists preferentially in the GDP-bound state (47) , and exhibits predominantly juxtanuclear distribution in uninfected A549 cells (Fig. 4A) ; the constitutively active mutant possesses a Q70L mutation, exists preferentially in the GTP-bound state (47) , and exhibits localization similar to that seen with endogenous RAB11A (compare Fig. 4A and 2A) . Both mutants are known to disrupt cellular Rab11-dependent trafficking (30) . A549 cells that expressed the constitutively active mutant exhibited nearly complete retention of vRNPs in perinuclear structures that completely overlapped with the constitutively active mutant, and almost no vRNPs were observed near the plasma membrane (Fig. 4C) . This was in stark contrast with vRNP distribution and trafficking in cells expressing GFP alone, where vRNPs were observed en route to and accumulating at the plasma membrane (Fig. 4B) . The dominant negative RAB11A mutant also disrupted vRNP trafficking, inducing robust accumulation in the perinuclear region by 12 hpi (Fig. 4D) . Notably, vRNP distribution in dominant negative RAB11A-expressing cells differed from that observed with constitutively active RAB11A overexpression, more closely resembling vRNP distribution in cells treated with RAB11A siRNA (compare vRNP profiles from Fig. 4D with vRNP profiles at 9 and 11 hpi in Fig. 3C and D) . Interestingly, the dominant negative mutant exhibited localization that was nearly entirely exclusive of vRNPs, whereas the constitutively active mutant exclusively localized with vRNPs, suggesting that vRNPs may preferentially associate with GTP-loaded RAB11A. Biochemical validation of NP-RAB11A complex formation in influenza virus-infected cells. The association between RAB11A and vRNP in A549 cells was further assessed by using coimmunoprecipitation analysis at different times after WSN virus infection. Cell lysates derived from mockinfected or infected cells were immunoprecipitated with antibodies specific for RAB11A or with normal rabbit IgG (control), and immunoprecipitates were assayed for the presence of NP by immunoblotting. NP expression was detected in cell lysates by 5 hpi, and NP accumulation increased at all subsequent time points (Fig. 5A) . Similar amounts of RAB11A protein were efficiently precipitated from mock-infected and infected cells at all time points (Fig.  5B) , indicating that RAB11A expression was not affected by influenza virus infection. Significant levels of NP coimmunoprecipitated with RAB11A at 7 and 9 hpi (Fig. 5C) , consistent with times when prominent cytoplasmic colocalization was observed at the single-cell level (Fig. 2) . NP coprecipitated slightly less efficiently with RAB11A at 11 hpi. Importantly, we did not observe any nonspecific NP coimmunoprecipitation in control reaction mixtures containing normal rabbit IgG (Fig. 5D) . These results indicate an association between influenza virus NP and RAB11A, which occurs in parallel with vRNP and RAB11A colocalization in the cytoplasm of infected cells. Based on these findings, we suggest that vRNPs physically associate with RAB11A-containing vesicles during transport to the plasma membrane.
DISCUSSION
Although many aspects of influenza virus assembly have been well studied, the mechanisms of vRNP transport through the cytoplasm to plasma membrane sites of virion budding remain largely mysterious. Here, we identified a critical, noncytoskeletal host protein with an essential function in influenza vRNP trafficking: the Rab11 GTPase. RAB11A colocalized with vRNP in transit to the plasma membrane, and disruption of RAB11A protein expression or function impaired vRNP transport from the MTOC. When considered with previous reports of a role for Rab11 in delivering M2 to the plasma membrane and in virion membrane scission and release (7, 40) , our results suggest an integral, multifactorial role for Rab11 in the influenza virus life cycle.
Upon export from the nucleus, vRNPs initially accumulated at the MTOC and were observed in punctate foci in the peripheral cytoplasm. At later times after infection (e.g., 9 hpi), vRNP foci accumulated in larger structures adjacent to the plasma membrane, suggesting the possible coalescence of multiple smaller transport intermediates. Still later in the infection process (i.e., at 11 hpi), vRNPs were transferred to the plasma membrane, as indicated by the loss of cytoplasmic puncta and enhanced plasma membrane localization. RAB11A was tightly associated with vRNPs at the MTOC, in punctate cytoplasmic foci, and in regions of vRNP coalescence near the plasma membrane but did not accumulate with vRNPs at the plasma membrane. These observations suggest that RAB11A is involved in vRNP delivery to staging areas prior to vRNP incorporation into budding virions and that the vRNP-RAB11A interaction is released before the vRNPs are incorporated into virus particles. Consistent with this notion, RAB11A was not among the cellular proteins detected in purified virions in a previous study (44) . Although vRNP puncta have been observed previously en route to the plasma membrane (22, 31) , the coalescence of vRNP puncta near the plasma membrane has not been described. With this new finding, we can now hypothesize that vRNP cytoplasmic trafficking consists of at least four steps: (i) accumulation at the MTOC following nuclear export, (ii) association with RAB11A and release from the MTOC for cytoplasmic transport, (iii) coalescence in a staging area near the plasma membrane, and (iv) selection for incorporation into budding virions (Fig. 6) .
The accumulation of vRNPs in the putative staging area near the plasma membrane could have implications for the formation of influenza virus virions containing a complement of eight unique genomic segments. We previously reported that virions that bud from infected cells generally contain no more than eight individual genome segments (35) . In addition, segment-specific packaging signals have been identified for all eight vRNA segments (15, 16, 18, 20, 21, 25-27, 32, 38, 39, 50) , and hierarchical incorporation of those segments into budding virions has been observed (27, 32) . These findings imply that vRNP-vRNP interactions may be responsible for the association between individual genome segments; however, the mechanism by which this occurs is not clear. One recent report suggests that individual genome segments may associate with each other in the cytoplasm after nuclear export (45) . It may be that the putative staging area adjacent to the plasma membrane is the site at which influenza virus genome segments interact. Additional experiments to investigate the trafficking dynamics of individual vRNPs and their temporal association with staging areas are needed. Influenza vRNPs preferentially associated with the predominantly GTP-loaded, constitutively active RAB11A mutant and did not colocalize with the GDP-bound dominant negative version. The GTP-bound forms of Rab GTPases are bound to the cytosolic surface of membranes and associate with specific effector proteins involved in vesicle formation, transport, docking, and fusion; GDP-bound forms, on the other hand, may be dissociated from the membrane (43) . Therefore, our data imply that vRNPs associate with GTP-loaded RAB11A at membrane structures. Given the lack of association between vRNPs and GDP-loaded dominant negative RAB11A and the aberrant accumulation of vRNPs with constitutively active RAB11A in enlarged structures in the perinuclear region, we further suggest that GTP hydrolysis may be required for the release of RAB11A-vRNP complexes from the MTOC and that an active GTP hydrolysis and GDP-GTP exchange cycle may be required for RAB11A-vRNP complex transport to the plasma membrane.
How do influenza vRNPs associate with the Rab11 vesicular compartment? One possibility is that the vRNPs interact directly with Rab11 or one of its effectors. However, vRNPs may associate with M1 in the cytoplasm of infected cells since M1 can prevent reimport of nuclear exported vRNPs (28) . Given the intrinsic membrane-binding properties of M1, we suggest that vRNPs could associate with RAB11A via M1 for transport to the plasma membrane. Alternatively, since Rab11 is important for the cell surface delivery of M2 (40) and since the M2 cytoplasmic tail likely interacts with vRNPs (29) , vRNP association with Rab11 transport vesicles may involve M2. Additional experiments are needed to dissect the specific mechanism that regulates vRNP association with the Rab11 compartment.
In summary, our work has identified an essential, noncytoskeletal host cofactor involved in the transport of influenza vRNPs to plasma membrane sites of virion formation. The Rab11 pathway previously has been implicated in the budding of respiratory syncytial virus from the apical plasma membrane of infected cells (6, 49) . Moreover, Rab11 has been reported to colocalize with Sendai virus (SeV) vRNPs (11) although the requirement for Rab11 expression and function in their transport has not been explored. Here, we reveal an integral role for Rab11 in RNA virus genome transport in the cytoplasm. Thus, we have not only further clarified the mechanisms of influenza virus assembly but also uncovered a potentially novel cytoplasmic trafficking mechanism for ribonucleoprotein complexes.
While this work was in preparation, Amorim et al. (2) reported that influenza virus NP and vRNA colocalize with Rab11 during influenza virus infection and that siRNA treatment with RAB11A and RAB11B in combination altered vRNA and NP cytoplasmic staining at late times after infection. In support of the data presented here, they also reported that the interaction between influenza virus vRNP proteins and a Rab11 constitutively active mutant was 10-fold more efficient than interaction with a dominant negative mutant. This study thus corroborates our hypothesis that vRNPs preferentially interact with Rab11 in its GTP-bound form.
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